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The main goal of Synthetic Biology (SB) is to apply engineering principles to biotechnology 
in order to make life easier to engineer. These engineering principles include modularity: 
decoupling of complex systems into smaller, orthogonal sub-systems that can be used in a 
range of different applications. The successful use of modules in engineering is expected to 
be reproduced in synthetic biological systems. But the difficulties experienced up to date 
with SB approaches question the short-term feasibility of designing life. Considering the 
"engineerable" nature of life, here we discuss the existence of modularity in natural living 
systems, particularly in symbiotic interactions, and compare the behavior of such systems, 
with those of engineered modules. We conclude that not only is modularity present but it is 
also common among living structures, and that symbioses are a new example of module- 
like sub-systems having high similarity with modularly designed ones. However, we also 
detect and stress fundamental differences between man-made and biological modules. 
Both similarities and differences should be taken into account in order to adapt SB design 
to biological laws. 
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INTRODUCTION 

Beyond standardization and abstraction, modularity is one of the 
engineering pillars of Synthetic Biology (SB). Modularity is the 
degree to which components of a system can be separated and 
recombined. In industrial design, modularity refers to the tech- 
nique that allows building larger systems by combining smaller 
sub-systems. In biological sciences, the term is often used to sim- 
ply design the existence of "functional blocks" in organisms, but 
the exact meaning can vary depending on the discipline or even 
authors. For example, modularity might refer to a quantitative 
value, a proportion of the within/between modules connection 
ratio (Tamames et al., 2007); or as in Ecology, to the absence of 
interactions between modules (Galis et al., 200 1 ) . The fact that bio- 
logical modules are expected to be relatively independent, is related 
with orthogonality, another common buzzword in SB. Orthogo- 
nality is a term broadly generalized in engineering and borrowed 
from mathematics, where it refers to the independence of behavior 
(de Lorenzo, 2011). In geometry, for example, two Euclidean vec- 
tors are orthogonal if they are perpendicular (orthogonal in fact 
means "straight angle"). In SB, orthogonality has been defined as 
the degree to which parts derived from a parent part can be tuned 
to the point of non-interference while maintaining the same basic 
conceptual function (Lucks et al, 2008). Biological parts used in 
life engineering should be orthogonal (independent) from each 
other and from the host chassis (Cheng and Lu, 2012). Modules 
are combinations of parts that are also expected to be indepen- 
dent from each other since, in engineering, modules are designed 
for a specific task and also designed not to alter those of other 
modules. The main goal of SB is plainly to make life easier to 
engineer and, in order to do so, life engineers combine modules 



to create complexity (Endy, 2005). In this work, we scrutinize 
whether modularity occurring in living systems, particularly in 
symbionts, coincides with the conception adopted by synthetic 
biologists. As we will show, natural and artificial systems are orga- 
nized in a hierarchic fashion based on modular or module-like 
sub-systems. Nevertheless, a close analysis of both systems reveals 
similarities as well as fundamental, enlightening differences. 

MODULARITY IN SB 

In SB, DNA sequences such as genes, promoters, or terminators 
are generically considered as biological "parts": building blocks 
from which more complex systems can be created. In order to 
be able to construct biological systems, a common understanding 
of the functioning of these parts is needed, and they should be 
well characterized and readily available (Miiller and Arndt, 2012). 
The best-known biological parts are BioBricks™, named after the 
metaphor of biological building blocks, which form the basis of 
the international Genetically Engineered Machine (iGEM) com- 
petition. Students attending this competition have at their disposal 
the catalog of the registry of biological parts, a bank with thou- 
sands of DNA parts with a variable degree of characterization. 
BioBricks™ can be chosen from the registry and then combined 
into simple combinations such as promoter-ORFs, or into rela- 
tively complex constructs, such as oscillatory circuits or logical 
gates mimicking those of Electronics (Goodman, 2008). The level 
of complexity combining a few biological parts, which interact to 
yield a given useful function or behavior, constitutes a "device." 
Devices, in turn, can be combined in more complex structures. 
For example, an engineered bacterium with the ability to "sense" 
pollutants and to degrade them might have detection, reporting, 
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and catabolic networks, which are designed for specific purposes 
and only interact with each other at the interface level, and in a 
controlled and predictable fashion. This complexity level is that 
of "circuits" or even "systems": holistic behaviors arising from the 
combined behavior of different devices. All these complexity lev- 
els, particularly those of the devices and circuits, are supposed to 
exhibit an orthogonal and thus modular behavior. This hierarchi- 
cal organization is a consequence of the engineering inspiration 
of SB and it also reflects the rational design that is inherent to the 
engineering view of SB (Delgado and Porcar, 2013; Gramelsberger, 
2013). A question that arises is whether the hierarchical organi- 
zation found in natural biological systems is similar to the one 
described in SB, and eventually the commonalities between nat- 
ural evolving systems, without design, and synthetic ones. More 
importantly, are the biological networks in wild-type living forms 
organized as the modules described in SB? 

MODULARITY IN NATURAL SYSTEMS: PLASMIDS 

During evolution, organisms have often experienced dramatic 
genetic exchanges, or "genetic grafts," among members of the 
three main domains of life. These events, unlike classical evolution 
through nucleotide changes in extant genes, imply the introduc- 
tion of foreign genes, plasmids, or even whole organisms into a 
host cell or individual, which can confer brand new functions to 
the new "grafted" organism, as well as open up new ecological 
niches, including access to trophic resources or antibiotic resis- 
tance ( Wiedenbeck and Cohan, 20 1 1 ) . Function gain is associated 
to mechanisms involving gene exchange such as horizontal gene 
transfer (acquisition of DNA from a different species), hybridiza- 
tion (sexual inter-specific reproduction), or endosymbiosis (when 
a bacterium lives inside another organism). The combined action 
of these mechanisms makes the "tree of life" metaphor inaccu- 
rate. Indeed, a web might be a more precise image (Olendzenski 
and Gogarten, 2009). Horizontal gene transfer is often medi- 
ated by plasmids, extra-chromosomal mobile elements as small 
as 1 kb or as large as 1000 kb, three times larger than the small- 
est bacterial chromosome reported to date (Lopez-Madrigal et al., 
2011; McCutcheon and von Dohlen, 2011). Naturally occurring 
plasmids often encode for catabolism genes, pathogenicity, or vir- 
ulence factors, and their gain or loss implies the gain or loss of such 
abilities. An extreme example of this plasmid-dependent pheno- 
type is the Bacillus cereus group, which includes B. cereus sensu 
strictu, a human opportunistic pathogen, Bacillus thuringiensis, 
an insect pathogen used as biopesticide and as a source of genes 
for the construction of transgenic plants, and B. anthracis, the 
feared producer of anthrax disease (Rasko et al., 2005). These dif- 
ferent ecological functions are linked to plasmids. In fact, if a 
B. thuringiensis strain loses its parasporal crystal forming ability 
through the loss of a plasmid, it becomes virtually indistinguish- 
able from B. cereus and can be classified as such (Minnich and 
Aronson, 1 984) . Similarly, anthrax in chimpanzees has been linked 
to a B. cereus-like strain with B. anthracis virulence plasmids 
(Klee et al, 2010). These reports reveal that, although orthogo- 
nality is a relative concept here because plasmids cannot coex- 
ist if they have incompatible replication origins, plasmids do, 
and in fact, they play a key role as specific ecological behavior 
determinants. 



It is not by accident that plasmids were chosen early in the 
Molecular Biology revolution as vectors to transform a range of 
prokaryotic and eukaryotic cells. The ease of transfer of bacterial 
plasmids, their linkage to precise key functions, and their inde- 
pendence from the chromosomal gene pool demonstrate that such 
mobile genetic elements can be considered as the closest biological 
version of engineered modules, and somehow a natural version of 
SB avant la lettre. But plasmids are not the only module-like natural 
genetic structure. From smallest to largest, modular-like structures 
exhibiting modular features (a tight link to a phenotype or func- 
tion, exchangeable nature and a certain level of orthogonality) 
are: genes, operons, gene clusters, pathogenicity islands, plasmids, 
and genomes. They all confer functions, and travel around the 
biosphere from one host to the other with relative stability. This 
list is evidence of a clearly hierarchical structure: genomes might 
encompass plasmids, they can both bear pathogenicity islands or 
gene clusters with or without operons, and genes are the basic 
biological parts from which all this complexity is organized. In the 
case of genomes, which might even be smaller than large plasmids, 
as mentioned above, they can be seen as module-like structures of 
a larger entity in the case of symbiosis. 

SYMBIOSIS 

Symbiosis constitutes an alternative mode of genetic inheritance 
and provides abrupt, selectable genetic variation for natural selec- 
tion (Gilbert et al., 2012). Symbiosis is universal and affects all 
branches of the tree of life (Moya et al., 2008). It ranges from 
the well-balanced association between fungi and algae, to yield 
lichens, to microbial communities in human or termite guts, with 
mutualistic commensalistic and strict mutualistic roles as well as 
intracellular endosymbiosis. In the present work, we mainly dis- 
cuss mutualistic symbioses as examples of module-like natural 
living systems. 

As already stated, synthetic systems in modular design are built 
by dividing the system into smaller sub-systems that are inde- 
pendently created and are later integrated into a whole with new 
functions. This is exactly the way symbionts like lichens origi- 
nated, except for the fact that design, per se, is absent in natural 
history. Fungi and algae in lichens, coral polyps and zooxanthellae 
in coral reefs or cows, and their cellulolytic rumen bacteria, all 
share many of the modular design requirements: they are made of 
discrete self-contained functional sub-systems and they have well- 
defined modular interfaces. A third requirement, their standard 
nature, is less obvious. At first sight, there is no such a thing as a 
"rumen chassis" or a "standard cellulolytic bacterium" or "standard 
photosynthetic module." 

All module features, including the hardest to find in natural bio- 
logical systems such as standardization, are present in a particular 
symbiotic-like extreme process known as kleptoplasty, a phenome- 
non in which plastids are sequestered from ingested algae by a host, 
which uses them for photosynthesis. The best-known case is that of 
Elysia chlorotica, a "solar-powered" sea gastropod, with an intense 
green color due to the massive presence in its body of chloroplasts 
of the marine heterokont alga Vaucheria litorea. Interestingly, the 
same chloroplasts work similarly in two radically different envi- 
ronments: an alga and a gastropod, and this is achieved without 
gene transfer between them (Bhattacharya et al., 2013). This is thus 
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a good example of standardization of the modules in the natural 
world. 

ENDOSYMBIOSIS, MODULARITY, AND METABOLIC 
COMPLEMENTATION 

A particular case of mutualism is endosymbiosis, in which one 
member of the consortium lives inside the other. At present, the 
two paradigmatic endosymbiosis are those that took place between 
prokaryotes and primitive eukaryotes, which ended up in the two 
canonical eukaryotic organelles: mitochondria and chloroplasts. It 
is difficult to imagine a natural structure closer to a module than 
eukaryotic organelles and bacterial endosymbionts. They display 
clear physical, genetic, and functional limits and are specialized 
to perform one of several tasks essential for the host. The origi- 
nal bacterial genomes (alpha-proteobacteria and cyanobacteria for 
mitochondria and chloroplast ancestor, respectively) have reduced 
drastically, with a portion of the protein-encoded genes being 
transferred to the eukaryotic nuclear genome. Other genes have 
simply been lost, and their function replaced by the host (Latorre 
etal.,2011). 

Symbiotic associations between prokaryotes and uni- and 
multi-cellular eukaryotes seem to be present in every major branch 
of the tree of life (Moya et al, 2008). Similar to what hap- 
pened in eukaryotic organelles, genome reduction is a common 
feature of bacterial endosymbionts in the process of adapta- 
tion to their multicellular eukaryotic hosts. An inevitable con- 
sequence of the massive loss of genetic material is the loss of 
modularity as compared to modularity in free-living relatives. 
In this context, a module is defined as a part of a network 
with abundant connections between the nodes within it, and 
less connected to nodes outside the module (Tamames et al, 
2007). Interestingly, this notion is similar to the idea of "rela- 
tive orthogonality" in SB (de Lorenzo, 2011). Modularity val- 
ues can be calculated as the ratio intra-module/inter-module 
connections. With this simple method it has been observed 
that in protein-protein interaction networks, Buchnera aphidicola 
BAp, primary endosymbiont of the aphid Acyrthosiphon pisum, 
loses modularity with respect to E. coli (Tamames et al, 2007) 
because the connections inside modules are particularly affected 
by the reduction process compared to connections among mod- 
ules. Many of the proteins inside the three big modules of the 
E. coli network corresponding to cell division and chaperones, 
RNA polymerase and DNA metabolism are lost in Buchnera, 
which concomitantly leads to a loss of modularity, although the 
most connected proteins between modules (hub connectors) are 
preserved. 

A question that arises is what happens with the loss of essential 
bacterial functions that cannot be carried out by the eukary- 
otic host. One solution is that some of them are transferred to 
the host, similar to eukaryotic organelles. However, it does not 
seem to be the case in endosymbionts with reduced genomes 
(Husnik et al., 2013). Rather, the solution seems to lie in the 
appearance of metabolic complementation, a convergent solution 
adopted in several cases by endosymbionts with small genomes 
living in consortium with other endosymbionts. One example is 
B. aphidicola BCc, primary endosymbiont of the aphid Cinara 
cedri, which has the smallest genome among all the sequenced 



Buchnera strains. B. aphidicola BCc has established metabolic 
complementation with the secondary endosymbiont Serratia sym- 
biotica SCc for the provision of various metabolites necessary 
for both the host and themselves. In general, B. aphidicola BCc 
synthesizes essential amino acids whereas S. symbiotica SCc is 
in charge of vitamin provision. A similar situation is found in 
the symbiotic systems of the sharpshooter Homalodisca coagu- 
lata and in the cicada Diceroprocta semicincta. Both insects harbor 
a Bacteroidetes endosymbiont, Sulcia muelleri, which needs to be 
complemented by a second endosymbiont (Baumannia cicadellini- 
cola and Hodgkinia cicadicola, respectively) to fulfill its symbiotic 
role. S. muelleri synthesizes most of the essential amino acids, 
whereas the second symbiont synthesizes vitamins. These cases of 
metabolic complementation are compatible with the notions of 
modularity and orthogonality according to SB terminology. If we 
consider the synthesis of amino acids and vitamins as being per- 
formed by two independent modules for the synthesis of amino 
acids and vitamins, respectively, then the loss of some devices 
in any given endosymbiont will be complemented by the other 
one, thereby maintaining the function of both modules in the 
whole system. From the functional point of view, modularity is 
maintained in the form of a hybrid module incorporating both 
members of the consortium. 

An extreme case of metabolic complementation is found in 
the nested endosymbiosis of mealybugs of the subfamily Pseudo- 
cocaine, such as Planococcus citri, where and endosymbiont 
Moranella endobia is located inside Tremblaya princeps, harbor- 
ing the smallest genome reported so far (Lopez-Madrigal et al, 
2011; Husnik et al., 2013). In this case, the complementation 
involves not only metabolic but also informational functions as 
T. princeps appears to be a mere factory for amino acid synthe- 
sis and translating proteins, using the precursors provided by 
M. endobia including some informational proteins. The loss of 
modules in the case of T. princeps is massive, whereas M. endo- 
bia behaves as other previously reported cases, like that of B. 
aphidicola BAp. 

Finally, a striking case of metabolic complementation is the 
synthesis of tryptophan in C. cedri. In this case, B. aphidicola 
BCc has preserved the first two genes of the pathway, coding for 
anthranilate synthase, whereas the rest of the genes are located 
in the Serratia chromosome (Gosalbes et al., 2010; Lamelas et al, 
2011). If the tryptophan operon is considered as a device within 
the module for synthesis of essential amino acids, in this con- 
sortium the device is composed of parts from two genomes, 
emerging as a new device to perform the same function. Not 
unlike the BioBricks™ used in the iGEM competition, parts 
of different origin are combined - by evolution in the natural 
system, instead of rational design - into a genetically hybrid 
device. 

It is difficult to imagine a natural structure closer to a mod- 
ule than eukaryotic organelles and bacterial endosymbionts. They 
display clear physical, genetic, and functional limits; they are spe- 
cialized to perform one of several tasks that are imperative for 
the host; and they are mobile. Mobility, which directly relates to 
standardization, as only standard sub-systems work in different 
systems, has been proven by historical endosymbiotic events, both 
ancient and recent. 
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PERSPECTIVES AND CONCLUSION 

Modularity is evident in the way living beings are organized. 
The hierarchical gene-to-genome structure of cells has many 
intermediate structures that share most of the features of engi- 
neered modules. Plasmids and endosymbionts are the closest 
biological representatives of modules, and they both share clear 
limits, specialized functions, ease of transfer, and a relatively high 
extent of orthogonality or independence of behavior, as well as 
standardization or multiplicity of contexts in which they can work. 
The main difference between life and machines is the way their 
complexity arises. In contrast with rationally designed artificial 
systems, life is a consequence of natural selection, and evolution 
has resulted in entangled genetic, metabolic, and symbiotic net- 
works, which are as functional as rationally designed ones, but 
much more recalcitrant to rational modification. Further devel- 
opment of Systems Biology and modeling, and flexibility in the 
application of engineering tenets to biotechnology might be key 
factors for a successful symbiosis-inspired refactoring of living 
forms. 

It is also highly relevant to develop the rationality behind 
the role of bacterial species as modules in complex communi- 
ties dealing with eukaryotes such as those present in the human 
gut, and exploring the concept of physiological alternative multi- 
species modules. Interestingly, there is general assent on using 
synthetic microbial consortia as one of the new frontiers of 
SB (Shong et al, 2012). Likewise, the potential of engineering 
sub-populations of bacterial cells, each contributing to a global 
behavior, has recently been stressed (Bacchus and Fussenegger, 
2013). As a final conclusion, our current knowledge on biologi- 
cal systems reveals the existence of robust compartments, ranging 
from plasmids or metabolic complementation genes to endosym- 
bionts, many of which share most of the requirements set by SB 
for orthogonal modules, although orthogonality or independent 
behavior is almost always limited in biological modules. Fur- 
ther studies of the complexity of microbiomes, endosymbiosis, 
and minimal cells and the development of new selection-based 
tools in SB (Porcar et al., 2011) may be very helpful to pave the 
way toward the construction of truly modular synthetic living 
systems. 

ACKNOWLEDGMENTS 

This work was supported by projects BFU2012-39816-CO2-01 
and SAF2012-31 187 from the Ministerio de Ciencia e Innovation, 
Prometeo/2009/092 from the Generalitat Valenciana, Spain, and 
ST-FLOW from the European Commission. 

REFERENCES 

Bacchus, W., and Fussenegger, M. {20 13). Engineering of synthetic intercellular com- 
munication systems. Metab. Eng. 16, 33-41. doi:10.1016/j.ymben.2012.12.001 

Bhattacharya, D., Pelletreau, K. N., Price, D. C, Sarver, K. E., and Rumpho, M. E. 
(2013). Genome analysis of Elysia chlorotica egg DNA provides no evidence for 
horizontal gene transfer into the germ line of this kleptoplastic mollusc. Mol. 
Biol. Evol. 30, 1853-1872. doi:10.1093/molbev/mst084 

Cheng, A. A., and Lu, T. K. (2012). Synthetic biology: an emerging engineering 
discipline. Annu. Rev. Biomed. Eng. 14, 155-178. doi:10.1146/annurev-bioeng- 
071811-150118 

de Lorenzo, V. (2011). Beware of metaphors: chasses and orthogonality in synthetic 
biology. Bioeng. Bugs 2, 3-7. doi:10.4161/bbug.2.1. 13388 



Delgado, A., and Porcar, M. (2013). Designing de novo: interdisciplinary debates in 
synthetic biology. Syst. Synth. Biol. 7,41-50. doi:10.1007/sl 1693-013-9106-6 

Endy, D. (2005). Foundations for engineering biology. Nature 438, 449-453. 
doi:10.1038/nature04342 

Galis, E, van Alphen, J. J. M., and Metz, J. A. J. (2001). Why five fingers? 
Evolutionary constraints on digit numbers. Trends Ecol. Evol. 16, 637-646. 
doi:10.1016/S0169-5347(01)02289-3 

Gilbert, S. E, Sapp, J., and Tauber, A. I. (2012). A symbiotic view of life: we have 
never been individuals. Q. Rev. Biol. 87, 325-341. doi:10.1086/668166 

Goodman, C. (2008). Engineering ingenuity at iGEM. Nat. Chem. Biol. 4, 13. 
doi:10.1038/nchembio0108- 13 

Gosalbes, M. J., Latorre, A., Lamelas, A., and Moya, A. (2010). Genomics of intra- 
cellular symbionts in insects. Int. J. Med. Microbiol. 300, 271-278. doi: 10. 1016/j. 
ijmm.2009.12.001 

Gramelsberger, G. (2013). The simulation approach in synthetic biology. Stud. Hist. 
Philos. Biol. Biomed. Sci. 44, 150-157. doi:10.1016/j.shpsc.2013.03.010 

Husnik, E, Nikoh, N., Koga, R., Ross, L., Duncan, R. P., Fujie, M., et al. (2013). Hori- 
zontal gene transfer from diverse bacteria to an insect genome enables a tripartite 
nested mealybug symbiosis. Cell 153, 1567-1578. doi:10.1016/j.cell.2013.05.040 

Klee, S. R., Brzuszkiewicz, E. B., Nattermann, H., Briiggemann, H., Dupke, S., Woll- 
herr, A., et al. (2010). The genome of a Bacillus isolate causing anthrax in chim- 
panzees combines chromosomal properties of B. cereus with B. anthracis viru- 
lence plasmids. PLoS ONE 5:el0986. doi:10.1371/journal.pone.0010986 

Lamelas, A., Gosalbes, M. J., Manzano -Marin, A., Pereto, J., Moya, A., and Latorre, 
A. (2011). Serratia symbiotica from the aphid Cinara cedri: a missing link 
from facultative to obligate insect endosymbiont. PLoS Genet. 7:el002357. 
doi:10.1371/journal.pgen.l002357 

Latorre, A., Durban, A., Moya, A., and Pereto, J. (201 1). "Role of symbiosis in eukary- 
otic evolution," in Origins of Life: an Astrobiology Perspective, eds M. Gargaud, P. 
Lopez-Garcia, and H. Martin (New York: Cambridge University Press), 326-343. 

Lopez-Madrigal, S., Latorre, A., Porcar, M., Moya, A., and Gil, R. (2011). Com- 
plete genome sequence of " Candidatus Tremblaya princeps" strain PCVAL, an 
intriguing translational machine below the living-cell status. /. Bacterial. 193, 
5587-5588. doi: 10.1 128/JB.05749- 1 1 

Lucks, J. B., Qi, L., Whitaker, W. R., and Arkin, A. P. (2008). Toward scalable parts 
families for predictable design of biological circuits. Curr. Opin. Microbiol. 11, 
567-573. doi:10.1016/j.mib.2008.10.002 

McCutcheon, J. P., and von Dohlen, C. D. (2011). An interdependent metabolic 
patchwork in the nested symbiosis of mealybugs. Curr. Biol. 21, 1366-1372. 
doi:10.1016/j.cub.201 1.06.051 

Minnich, S. A., and Aronson,A. I. (1984). Regulation of protoxin synthesis in Bacillus 
thuringiensis. J. Bacteriol. 158,447-454. 

Moya, A., Pereto, J., Gil, R., and Latorre, A. (2008). Learning how to live together: 
genomic insights into prokaryote -animal symbioses. Nat. Rev. Genet. 9, 218-229. 
doi:10.1038/nrg2319 

Miiller, K. M., and Arndt, K. M. (2012). Standardization in synthetic biology. Meth- 
ods Mol. Biol. 813, 23-43. doi:10.1007/978-l-61779-412-4_2 

Olendzenski, L., and Gogarten, J. P. (2009). Evolution of genes and organisms: the 
tree/web of life in light of horizontal gene transfer. Ann. N. Y. Acad. Sci. 1178, 
137-145. doi:10.1111/j.l749-6632.2009.04998.x 

Porcar, M., Danchin, A., de Lorenzo, V., Dos Santos, V. A., Krasnogor, N., Rasmussen, 
S., et al. (2011). The ten grand challenges of synthetic life. Syst. Synth. Biol. 5, 
1-9. doi:10.1007/sll693-011-9084-5 

Rasko, D. A., Altherr, M. R., Han, C. S., and Ravel, J. (2005). Genomics of 
the Bacillus cereus group of organisms. FEMS Microbiol. Rev. 29, 303-329. 
doi:10.1016/j.fmrre.2004.12.005 

Shong, J., Jimenez Diaz, M. R., and Collins, C. H. (2012). Towards synthetic 
microbial consortia for bioprocessing. Curr. Opin. Biotechnol. 23, 798-802. 
doi:10.1016/j.copbio.2012.02.001 

Tamames, J., Moya, A., and Valencia, A. (2007). Modular organization in the reduc- 
tive evolution of protein-protein interaction networks. Genome Biol. 8, R94. 
doi: 10. 1 186/gb-2007-8- 5-r94 

Wiedenbeck, J., and Cohan, F. M. (2011). Origins of bacterial diversity through hori- 
zontal genetic transfer and adaptation to new ecological niches. FEMS Microbiol. 
Rev. 35, 957-976. doi: 10.1111 /j. 1574- 6976.20 1 1 .00292.x 

Conflict of Interest Statement: The authors declare that the research was conducted 
in the absence of any commercial or financial relationships that could be construed 
as a potential conflict of interest. 



Frontiers in Bioengineering and Biotechnology | Synthetic Biology 



November 2013 | Volume 1 | Article 14 | 4 



Porcar et al. 



Symbionts and modularity 



Received: 06 September 2013; accepted: 22 October 2013; published online: 04 Novem- 
ber 2013. 

Citation: Porcar M, Latorre A and Moya A (2013) What symbionts teach us about 
modularity. Front. Bioeng. Biotechnol. 1:14. doi: 10.3389/fbioe.2013.00014 
This article was submitted to Synthetic Biology, a section of the journal Frontiers in 
Bioengineering and Biotechnology. 



Copyright © 2013 Porcar, Latorre and Moya. This is an open-access article distributed 
under the terms of the Creative Commons Attribution License (CC BY). The use, dis- 
tribution or reproduction in other forums ispermitted, provided the original author(s) 
or licensor are credited and that the original publication in this journal is cited, in 
accordance with accepted academic practice. No use, distribution or reproduction is 
permitted which does not comply with these terms. 



www.frontiersin.org 



November 2013 | Volume 1 | Article 14 | 5 



